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Abstract. Carbonyl compounds are important intermediates
in atmospheric photochemistry. To explore the relative con-
tributions of primary and secondary carbonyl sources, car-
bonyls and other volatile organic compounds (VOCs) were
measured at an urban site in both winter and summer in
Beijing. The positive matrix factorization (PMF) model was
used for source apportionment of VOCs. As VOCs undergo
photochemical processes in the atmosphere, and such pro-
cesses may interfere with factor identiﬁcation, the relation-
ships between the contributions of the resolved PMF factors
to each non-methane hydrocarbon (NMHC) species and its
kOH value were used to distinguish fresh factors and photo-
chemically aged factors. As the result of PMF, ﬁve factors
were resolved in winter, and two of them were identiﬁed
as photochemically aged emissions. In summer, four factors
were resolved, including one aged factor. Carbonyls abun-
dances from aged factors were simulated by VOCs consump-
tion and the corresponding carbonyl production yields, and
the simulated abundances agreed well with the results ob-
tained by the PMF model. The source apportionment results
indicated that secondary formation was the major source
of carbonyls in both winter and summer, with the respec-
tive contributions of 51.2% and 46.0%. For the three ma-
jor carbonyl species, primary anthropogenic sources con-
tributed 28.9% and 32.3% to ambient formaldehyde, 53.7%
and 41.6% to acetaldehyde, 68.1% and 56.2% to acetone in
winter and summer, respectively.
1 Introduction
Carbonyls, including aldehydes and ketones, are a group of
important oxygenated volatile organic compounds (OVOCs).
As the key intermediates in the photo-oxidation of hydrocar-
bons, carbonyls are major sources of free radicals and are
precursors of ozone, peroxyacyl nitrates and secondary or-
ganic aerosol (Singh et al., 1995; Finlayson-Pitts and Pitts,
1997; Liggio et al., 2005). Not only being produced from
photo-oxidation of hydrocarbons, carbonyls also can be di-
rectly emitted into the atmosphere from a variety of nat-
ural and anthropogenic sources. The major anthropogenic
emission sources of carbonyls include incomplete combus-
tion of fuels, industrial processes, and solvent usage (Zhang
and Smith, 1999; Ban-Weiss et al., 2008; Kim et al., 2008).
Carbonyls can be lost from the atmosphere through reactions
with the hydroxyl radical (OH), photolysis, and deposition
(Lary and Shallcross, 2000). Due to the complexity of car-
bonyl sources and sinks, it is a challenge to quantifying the
relative contributions of primary emissions and secondary
formation.
Previous studies have applied several techniques for the
source apportionment of carbonyls. The multi-linear regres-
sion method is a commonly used technique, which separates
primary and secondary carbonyls based on their correlations
with markers for primary emission (e.g., CO, ethyne) and
secondary production (e.g., O3, glyoxal) (Friedfeld et al.,
2002; Garcia et al., 2006). However, this approach heavily
depends on the selection of markers, and improper mark-
ers may bias source apportionment results. For primary
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emissions, some markers might be appropriate for certain
emission sources (Rappenglück et al., 2010), and thus the use
of a single marker for all primary emissions could be very
risky (Friedfeld et al., 2002). In addition, reactive VOCs that
are co-emitted with a primary emission marker can form sec-
ondary carbonyls during air mass transport. Hence, the cor-
relation will also exist between secondary carbonyls and the
primary marker. For secondary formation, the correlation co-
efﬁcient and the slope between carbonyls and the secondary
marker vary signiﬁcantly depending on the VOCs/NOx ratio
and the degree of photochemical processing. Furthermore,
primary carbonyls also can be precursors of these secondary
markers, which may also lead to a correlation between them
(Parrish et al., 2012).
To improve the multi-linear regression method, de Gouw
et al. (2005) developed a parameterization method based on
the degree of photochemical processing (i.e., photochemical
age),withtheconsiderationoftheproductionofcarbonylsby
their precursors and the chemical removal of carbonyls dur-
ing transport. This method made several assumptions which
should be carefully considered: (1) anthropogenic emissions
of carbonyls and their precursors are proportional to a pri-
mary marker. (2) The removal of VOCs is governed by the
reactions with OH radicals. (3) Biogenic sources of car-
bonyls are proportional to the emission of isoprene. (4) The
photochemical ages for sampled air masses can be deter-
mined (de Gouw et al., 2005). Positive matrix factorization
(PMF), a receptor model, has also been used to separate
sources of carbonyls (Bon et al., 2011; Buzcu Guven and
Olaguer, 2011; Yuan et al., 2012; Zheng et al., 2013). Com-
pared with the multi-linear regression method which em-
ploys one species for a certain source, the PMF model can
use a number of species for source identiﬁcation. Most pre-
vious studies identiﬁed several primary emission sources and
a mixed secondary source among the PMF-resolved factors.
However, Yuan et al. (2012) found that the PMF-resolved
factors could be attributed to a common source at different
stages of photochemical processing, rather than several inde-
pendent sources. In addition to the various source apportion-
ment approaches based on carbonyl measurements, Parrish et
al. (2012) compared the primary emission ﬂux of formalde-
hyde with ﬂuxes of its precursors to quantify the relative con-
tributions of primary and secondary formaldehyde sources.
However, this approach relies on the accuracy of emission
inventories and reaction mechanisms.
Large differences have been found among the above-
mentioned methods used to calculate sources of carbonyls.
For example, several studies were conducted in the Hous-
ton area, TX, USA, to determine the contributions of pri-
mary anthropogenic sources of formaldehyde. Based on the
multi-linear regression using CO as a primary marker, Fried-
feld et al. (2002) reported that primary emissions contributed
36% of atmospheric formaldehyde. In a later study, Rap-
penglück et al. (2010) calculated the contributions of 38.5%
and 8.9% for formaldehyde from primary vehicular emis-
sions and industrial emissions, using CO and SO2 as primary
markers, respectively. By using the PMF, Buzcu Guven and
Olaguer (2011) estimated that mobile sources and industrial
sources contributed 23% and 17% of formaldehyde, respec-
tively. In contrast, by comparing emissions of formaldehyde
and its precursors, Parrish et al. (2012) found that only 1%
and 4% of formaldehyde were respectively emitted from ve-
hicle exhaust and industrial sources, and that secondary for-
mation accounted for the overwhelming majority of atmo-
spheric formaldehyde. The source apportionment studies for
carbonyls were also conducted in Beijing. Li et al. (2010) at-
tributed 76% of atmospheric formaldehyde to direct anthro-
pogenic emissions using the multi-linear regression method,
while Yuan et al. (2012) calculated that this contribution
wasonly22%usingtheparameterizationmethod.Compared
with the number of formaldehyde studies, there were fewer
source apportionment studies for other carbonyls, and most
of these studies were conducted at different sites (Goldstein
and Schade, 2000; de Gouw et al., 2005; Liu et al., 2009;
Yuan et al., 2012; Guo et al., 2013). The only two studies that
could be used for inter-comparison were taken in the sum-
mer in Beijing, and the apportioned primary contributions of
acetaldehyde were 16% and 46% in 2005 and 2010, respec-
tively (Liu et al., 2009; Yuan et al., 2012). It was unclear
that such difference was caused by the variation of carbonyl
sources or the uncertainty of source apportionment.
Though the State Council of China released mandatory re-
quirement to improve air quality all over China, the way to
achieve the goal could be very tough (Liu et al., 2013). Bei-
jing is the capital of China and suffers from serious air pollu-
tion problems, characterized by high levels of ground-level
ozone and PM2.5 (Shao et al., 2006; Wang et al., 2012a).
Ambient carbonyls were detected at high levels in Beijing
(Liu et al., 2009; Zhang et al., 2012) and formaldehyde dis-
played a signiﬁcant positive trend from 1997 to 2010 (De
Smedtetal.,2010).However,ambientconcentrationsofnon-
methane hydrocarbon (NMHC) were found to decrease from
2003 (Wang et al., 2012b). It is essential to quantify contribu-
tions of different sources to carbonyls for understanding such
trendsandimprovingairqualityinBeijing.Yuanetal.(2012)
used the PMF model for carbonyl source apportionment in
2010 summer and found that factors in PMF were actually
the results of different degrees of photochemical process-
ing rather than individual sources. In this study, online mea-
surements of carbonyls and other VOCs were conducted at
Peking University (PKU) site in the winter and summer. We
used PMF to apportion carbonyl sources in these two sea-
sonswithdifferentdegreesofphotochemicalprocessing.The
degradation of NMHCs and production of carbonyls in the
aged factors were analyzed based on the processes of photo-
chemical aging to verify the PMF results. Differences in car-
bonyl sources between winter and summer were discussed
and compared with previous studies.
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2 Methods
2.1 VOCs measurements
Online VOCs measurements were conducted at an urban site
inBeijingfrom4August2011to9September2011andfrom
29 December 2011 to 18 January 2012. The sampling site
was on the top of a six-ﬂoor building (∼20m above ground)
on Peking University campus. The PKU campus is located
in the northwest of Beijing, about 500m north of the Fourth
Ring Road. This site was described in detail elsewhere (Song
et al., 2008; Liu et al., 2009).
A custom-built online gas chromatography system
equipped with a mass spectrometry and a ﬂame ionization
detector (GC-MS/FID) was used to measure C2–C10 hydro-
carbons, C3–C6 carbonyls, C1–C4 alkyl nitrates, halocar-
bons, and methyl tert-butyl ether (MTBE), with a time reso-
lution of 1 h. CFC-113 (1,1,2-trichloro-1,2,2-triﬂuoroethane)
was used as a natural internal standard from ambient air due
to its long lifetime and minimal manmade emissions (W.-
T.. Liu et al., 2012). Daily calibrations were performed every
day, and the variations of target species responses were re-
quired to be within ±20% from the calibration curve. The
detection limits for each species varied from 1 to 20ppt, and
the precisions ranged from 1% to 6%. The detailed informa-
tion of this system can be found in Yuan et al. (2012).
A commercial high-sensitivity proton-transfer-reaction
mass spectrometry (PTR-MS) (Ionicon Analytik, Innsbruck,
Austria) was used to measure 28 masses, including C1–C4
carbonyls and C6–C9 aromatics, with a time resolution of
about30s.Backgroundsignalsweremeasuredfor15minev-
ery 2.5h by diverting the ambient air sample ﬂow through
a Pt-coated quartz wool converter at 370 ◦C (Yuan et al.,
2013). Calibrations were done every two or three days, and
the response factors varied within 20%. The detection lim-
its of each species varied from 40 to 200ppt except for
formaldehyde. As the proton afﬁnity of formaldehyde is only
slightly higher than water, the back reaction of proton trans-
fer becomes signiﬁcant. The kinetic of PTR-MS formalde-
hyde detection was found to be mainly inﬂuenced by humid-
ity (Vlasenko et al., 2010; Warneke et al., 2011). Therefore,
we calibrated our formaldehyde measurement by using gas
standards provided by a permeation tube (Kin-Tek, USA) at
the humidity from 0–30mmolmol−1 to obtain the curve of
formaldehyde response factor on humidity. During the entire
ambient measurement, formaldehyde signals were corrected
according to the response curve. Due to the different ambi-
ent humidity between winter and summer, the detection lim-
its of formaldehyde were 0.22–0.34ppb in winter and 0.45–
0.80ppb in summer at a time resolution of 30s. Among all
our data, only less than 0.2% of formaldehyde concentra-
tions in summer fell below the detection limit.
During these two campaigns, C3–C4 carbonyls, C6–C9
aromatics, isoprene and MVK+MACR (methyl vinyl ke-
tone+methacrolein) were measured simultaneously by on-
line GC-MS and PTR-MS. Good agreements were found be-
tween these two systems for most species, with correlation
coefﬁcients larger than 0.90 and slopes ranging from 0.8 to
1.2. Formaldehyde and acetaldehyde were only measured by
PTR-MS. However, inter-comparison between the PTR-MS
and 2,4-dinitrophenyl hydrazine–high-pressure liquid chro-
matography (DNPH–HPLC) methods (EPA TO-11A) was
performed before the ﬁeld measurements. By correcting the
inﬂuence of humidity on formaldehyde response, a correla-
tion coefﬁcient of 0.93 and a slope of 1.06 were obtained be-
tween measurements by PTR-MS and DNPH–HPLC meth-
ods. The detailed results of inter-comparison were shown in
the Supplement.
2.2 Positive matrix factorization (PMF)
The US Environmental Protection Agency’s PMF 3.0 recep-
tor model was used for VOCs source apportionment in this
study. The PMF is a multivariate factor analysis tool which
assumes that measured concentrations at receptor sites are
linear combinations of contributions from different sources
(Paatero and Tapper, 1994). Generally, an ambient data set
can be viewed as a data matrix x with i byj dimensions, in
which i samples and j chemical species are measured. The
goal of multivariate receptor modeling is to identify the num-
ber p of factors, the species proﬁle f of each source, the mass
g contributed by each factor to each individual sample, and
the residual e (Eq. 1):
xij =
Xp
k=1gikfkj +eij. (1)
The PMF solution minimizes the object function Q, based
upon the uncertainties (Eq. 2):
Q =
Xn
i=1
Xm
j=1
"
xij −
Pp
k=1gikfkj
uij
#2
, (2)
where u represents the uncertainty of each data. The theo-
retical Q (Qtheoretical) can be calculated as Eq. (3), and the
best PMF solution should have Q/Qtheoretical with the value
of ∼1.
Qtheoretical = i ×j −p×(i +j) (3)
The basic assumption of the PMF model is that the ﬁtting
species are not allowed for chemical losses or production.
Thus, apportioning carbonyl sources using the PMF model
should be approached with care. As mentioned in the in-
troduction, several studies apportioned carbonyl sources by
using the PMF model (Bon et al., 2011; Buzcu Guven and
Olaguer, 2011; Zheng et al., 2013). However, the study to
investigate the validity of the results was not available yet.
Yuan et al. (2012) proved the capacity of the PMF approach
in identifying the role of chemical aging for better under-
standing the PMF factors. The VOC emission ratios derived
from the PMF fresh factors agreed well with the ones calcu-
lated based on photochemical ages, indicating that the PMF
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Table 1. The sum of formaldehyde and acetaldehyde concentrations
in Beijing (unit:ppb).
Year Summer Winter
2005 21.7a 7.0a
2006 13.12b
2008 13.3c,d 6.6e
2009 11.4e 5.9e
2010 12.6e
2011 8.0f 8.1f
a(Pang and Mu, 2006),
b(Shao et al., 2009),
c(Xu et al., 2010),
ddata before trafﬁc restriction in 2008,
e(Zhang et al., 2012),
fthis study.
approachcouldidentifythecontributionsfromprimaryemis-
sions reasonably. Additionally, the abundances of NMHCs
in the PMF-aged factors could be reproduced by the photo-
chemical aging of fresh factors. In this study, we run PMF
models using two VOC data sets from different seasons, and
discussed the apportionment results to investigate whether
the PMF approach can separate carbonyl sources well.
For the PMF analysis, uncertainties of online GC-MS/FID
and PTR-MS measurements were calculated using the
method by Yuan et al. (2012). Generally, for the species mea-
sured by the GC-MS/FID system, the uncertainties were cal-
culated as the sum of 10% of measured concentrations and
one-third of detection limits. For the species measured by
the PTR-MS, the uncertainties were calculated as the sum of
10% of concentrations and the errors from mass spectrome-
ter measurements. Finally, only species with high signal-to-
noise ratios and few missing data values were used for the
PMF analysis. In winter, 10 carbonyls, 26 NMHCs, 2-butyl
nitrate (2-BuONO2), tetrachloroethylene, and MTBE were
used. In summer, most of the values of cis/trans-2-butene and
cis/trans-2-pentene fell below the detection limits, so these 4
species were not used for the PMF analysis.
In this work, the PMF factor numbers were explored from
3 to 8 for the best solution. The ﬁnal numbers of factors de-
pended on two aspects: (1) Q/Qtheoretical, which was used
to characterize the quality of the reconstruction, and (2) the
physical plausibility of the factors (Bon et al., 2011). Four-
and ﬁve-factor resolutions were selected in summer and win-
ter, respectively. The free rotation of the PMF factors was
investigated by adjusting the Fpeak parameter between −5
and 5. The results with non-zero Fpeak values were gen-
erally consistent with the runs with zero Fpeak values, and
thus the results used in this study were from the runs with
non-rotation.
As the PMF-resolved factors might be inﬂuenced by pho-
tochemical processes, we used the relationship between the
contribution of one factor to each NMHC species and its
chemical reactivity (kOH) to distinguish fresh and aged fac-
tors, as performed by Yuan et al. (2012). Generally, if all
PMF-resolved factors were originated from fresh emissions,
the distribution of each species would not correlate with its
chemical reactivity. As the air mass from a source was age-
ing, the NMHCs underwent photochemical reactions, and the
more reactive species would be more largely consumed. As a
result, a negative correlation could be seen between an aged
factor contribution to each NMHC species and its kOH value.
Considering that such complex relationships were difﬁcult to
express in mathematical formulae, Spearman’s coefﬁcient of
rank correlation (rs) was used to represent the relationship.
3 Results and discussion
3.1 Characteristics of ambient carbonyls in Beijing
The average concentration of the 10 measured carbonyls in
Beijing was 13.2±7.9ppb (average value ± standard devi-
ation) in winter. In summer, the average concentration went
up to 16.3±7.4ppb. Formaldehyde, acetone, and acetalde-
hyde were the three major species, contributing more than
80% of the total measured carbonyls in both seasons. Am-
bient concentrations of carbonyls in Beijing were measured
by several previous studies from 2005 (Pang and Mu, 2006;
Shao et al., 2009; Xu et al., 2010; Zhang et al., 2012). Dur-
ing the recent years, VOC sources changed remarkably in
Beijing, resulting from quick increment of vehicular pop-
ulation, stricter standards for vehicle emissions (Zhang et
al., 2012) and solvent compositions (Yuan et al., 2010), and
dramatic changes in industries. Table 1 shows the sum of
measured formaldehyde and acetaldehyde concentrations in
Beijing during 2005–2011. The measured concentrations in
summer showed a signiﬁcant decrement from 2005 to 2006
and from 2010 to 2011, while the wintertime concentra-
tions did not exhibit a signiﬁcant change. Some of the above
studies provided daily average concentrations of formalde-
hyde and acetaldehyde, but some measurements were con-
ducted only in daytime. To check the effect of diurnal varia-
tions, we compared the daytime average concentration (from
08:00 to 20:00LT) and daily average concentration of these
two carbonyls in 2011. The result showed that the relative
differences between the daytime and daily average concen-
trations were very low, with the values of 7% in summer
and 1% in winter. It seemed the daytime and daily aver-
age concentrations of these carbonyls provided by previ-
ous studies can be compared to investigate carbonyl trends.
In contrast with the decreasing trend of carbonyl levels de-
rived from ground-based measurements, satellite measure-
ments suggested that formaldehyde columns showed an in-
creasing trend (De Smedt et al., 2010). As the satellites mea-
surements were conducted in midday and covered a larger
spatial scale, the ground-based measurements were consid-
ered to better represent the trend of 24h carbonyl concentra-
tions in the urban area of Beijing. The decreasing trend for
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Fig. 1. Diurnal variations of measured ratios of formaldehyde/ethene, acetaldehyde/propene, and acetone/ethane at the PKU site during
winter and summer. Black lines represent the average values and grey shaded areas indicate standard deviations.
summed concentrations of formaldehyde and acetaldehyde
indicated that the emission controls on these carbonyls or
their precursors in Beijing possibly made progress during the
past years. However, the ﬂat trend during winter suggested
that there might be some important sources for carbonyls in
winter were not under effective control.
Figure1 shows thediurnalvariationsof ratiosofformalde-
hyde/ethene, acetaldehyde/propene, and acetone/ethane at
the PKU site during winter and summer. Ambient concentra-
tions of carbonyls were inﬂuenced by meteorological con-
ditions and the emission strengths of carbonyls and their
precursors. Assuming that the direct emissions of carbonyls
from anthropogenic sources were proportional to the emis-
sions of NMHCs, the diurnal variations of carbonyl/NMHC
ratios could reﬂect the importance of secondary formation
to ambient carbonyls. These three pairs of carbonyls and
NMHCs were chosen because the two species in each pair
had similar reaction rates with OH radicals (Atkinson et al.,
2006). As a result, the two species in the atmosphere were
removed approximately equally by reactions with OH radi-
cals, and therefore the effect of photochemical degradation
on their ratios can be neglected. As shown in Fig. 1, the
measured carbonyl/NMHC ratios showed similar daily vari-
ations both in summer and winter: they were stable dur-
ing nighttime, increased after sunrise (about 08:00LT), and
reached a maximum in the early afternoon (about 13:00–
15:00LT), then decreased to low values at night. This varia-
tion indicated an important contribution from secondary pro-
duction during the daytime both in winter and summer. The
diurnal variations of the acetone/ethane ratios were less than
those for formaldehyde/ethene and acetaldehyde/propene.
Such difference was consistent with previous studies, which
found that secondary production of acetone was less impor-
tant than that of formaldehyde and acetaldehyde (de Gouw et
al., 2005; Yuan et al., 2012).
Though the diurnal patterns of carbonyl/NMHC ratios
were similar in winter and summer, the values of car-
bonyl/NMHCratioswereapproximately3–5timeshigherin
summer than those in winter, during both day and night. As
mentioned above, ambient concentrations of carbonyls did
not show signiﬁcant discrepancies between these two sea-
sons. The seasonal differences of carbonyl/NMHC ratios
were mainly due to the much higher NMHC levels in win-
ter. This also indicated the signiﬁcant differences in VOC
sources between these two seasons. Considering the effects
of photochemical processing on VOC ratios were minor at
night, nighttime VOC ratios were close to their emission ra-
tios (Wang et al., 2013). Therefore, the higher nighttime car-
bonyl/NMHC ratios in summer indicated that the fraction
of NMHCs in primary emitted VOCs was higher in winter
than that in summer, whereas carbonyls fraction was higher
in summer.
Previous studies usually supposed that carbonyls in win-
ter mainly came from direct anthropogenic emissions (Pang
and Mu, 2006; Cerón et al., 2007). From our measure-
ments, the differences of carbonyl/NMHC ratios between
noon and night in summer were only slightly larger than
the differences in winter. The noon/night ratios were 2.6
and 3.1 for formaldehyde/ethene, 2.6 and 3.5 for acetalde-
hyde/propene, and 1.4 and 1.5 for acetone/ethane in winter
and summer, respectively. This indicated that secondary for-
mation was still an important source of carbonyls in winter.
It should be noted that photolysis removal of carbonyls was
also considered here besides the removal by reactions with
OH radicals. According to our estimation, reaction with OH
was the main pathway of carbonyl removal. The photolysis
contributed 33%, 1% and 12% to the losses of formalde-
hyde, acetaldehyde and acetone at daytime, and these contri-
butions showed no signiﬁcant difference between winter and
summer. The details for the calculation of carbonyl removal
rates were shown in the Supplement. As a result, neglect-
ing the photolysis of carbonyls had little effect on comparing
the contributions of secondary formation between winter and
summer, and the variation of carbonyl/NMHC ratios could
reﬂect the importance of secondary formation. For further
discussion, the PMF model was used for carbonyls source
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Fig. 2. Proﬁles of the four factors resolved by the PMF model and the distributions of species among these factors in summer.
apportionment to determine relative contributions from pri-
mary and secondary sources.
3.2 Identifying PMF factors
The PMF model is a mathematical tool which separates pol-
lutants according to the correlations among species, and the
understanding of PMF factors is subjective to a certain ex-
tent. We were aware of the deﬁciency of the PMF model
when apportioning VOC sources. In this section, we com-
pared the proﬁles derived by the PMF model with previously
measured ones to check the reliability of resolved fresh fac-
tors. In the next section, we tried to identify aged factors
by investigating the relationship between degradation of pri-
mary emitted VOCs and production of carbonyls.
For summertime measurements, 593 samples were used
for the PMF analysis, and four factors were identiﬁed. The
proﬁles of resolved PMF factors and the distributions of
species among the factors were shown in Fig. 2. The proﬁles
were expressed as the mass percentage of individual VOC
species in each factor, and the distributions represented the
contributions of individual factors to the measured level of
each species.
Factor 1 made an important contribution to our measured
alkanes and alkenes. The proﬁle of this factor was dominated
by C2–C5 alkanes, C2–C3 alkenes, ethyne, and aromatics.
These species were mainly emitted from exhaust of vehicles
and evaporation of gasoline (Liu et al., 2008). This factor ex-
plained 38.1% of the measured MTBE, which was com-
monly used as a tracer of gasoline vehicle emissions (Chang
etal.,2006).Previousstudiesalsoreportedthattrafﬁc-related
emissions were the most important NMHCs sources in sum-
mer of Beijing (Song et al., 2008; Wang et al., 2010). We
therefore attributed this factor to trafﬁc-related emissions.
In factor 2, the loadings of aromatics, including benzene,
toluene, ethylbenzene and xylenes, were high. Aromatics
were reported to be major constituents of solvents (Yuan et
al., 2010), which were widely used in industrial processes as
well as some household products. Thus, we considered this
factor to be related to industry and solvent usage.
Factor 3 had contributions to almost all measured VOC
species, except for some very reactive species. This factor ac-
counted for more than 60% of our measured carbonyls and
87.5% of our measured 2-BuONO2 levels. Alkyl nitrates
were believed to be mainly from secondary production in ur-
ban regions and had relatively long lifetimes (Simpson et al.,
2003). Thus, we identiﬁed this factor as aged emissions.
Factor 4 contributed 81.5% of measured isoprene, which
was often considered as a tracer for biogenic emissions (Situ
et al., 2013), so we attributed this factor to biogenic emis-
sions. High loadings of formaldehyde, acetaldehyde, and
acetone were also found in this factor. This is possibly be-
cause these carbonyls could also be emitted from biogenic
sources (Winters et al., 2009), and they were important ox-
idation products of other biogenic VOCs (Carter and Atkin-
son, 1996).
Based on the derived proﬁles of each factor and the dis-
tributions of species among these factors, we identiﬁed that
two of the four PMF-resolved factors could represent pri-
mary emission sources, another related to biogenic emis-
sions, and the other was an aged emission factor. As dis-
cussed in Sect. 2.2, the relationship between the contribution
of one factor to each NMHC species and its chemical reactiv-
ity could be used to distinguish factors related to photochem-
ically aged emissions from those for fresh emissions. Such a
relationship was shown in Fig. 3, where each NMHC species
was shown as a circle. Positive correlations were identiﬁed
for factors 1 and 2, and thus these two factors were consid-
ered to be related to fresh emissions. However, a signiﬁcant
negative correlation was identiﬁed for factor 3, indicating
that this factor represented photochemically aged emissions.
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Fig. 3. Relationships between the factor contributions to each NMHC species and kOH values for NMHC species in summer. Each circle
represents one compound. Carbonyls are shown as solid triangles in the graph, but they were not used for correlation analysis due to their
secondary production. ∗indicates a signiﬁcant correlation at a conﬁdence level of 0.05. ∗∗indicates a signiﬁcant correlation at a conﬁdence
level of 0.01.
The distributions of carbonyls in PMF-resolved factors
were shown in Fig. 3 by solid triangles. If all factors were re-
lated to fresh emissions, the distributions of carbonyls would
be similar to the distributions of NMHCs in each factor. Due
totheinﬂuencefromphotochemicalaging,thedistributionof
carbonyls could be higher in aged factors owing to their sec-
ondary production, and meanwhile the distributions of car-
bonyls would be lower in fresh factors. In factors 1 and 2, the
distributions of carbonyls were similar or lower than those of
NMHCs, whereas the distributions of carbonyls in factor 3
were higher than those of NMHCs. Such appearance agreed
with our above identiﬁcations on PMF-resolved factors.
In this study, two fresh factors and an aged factor were
identiﬁed in the summer of 2011. However, Yuan et
al. (2012) identiﬁed one mixed fresh factor and two aged fac-
tors with different photochemical ages, using a similar anal-
ysis approach based on measurements at the same site in the
summer of 2010. It was interesting to get such different re-
sults in two consecutive years. Yuan et al. (2012) concluded
that PMF results depended on the degree of photochemical
processing and the differences in emission compositions of
various sources. Assuming that the differences in VOC emis-
sions were not signiﬁcant between 2010 and 2011, the PMF
results were mainly inﬂuenced by the difference in degrees
in photochemical aging between these two years. We used
the ratio of o-xylene to ethylbenzene as an indicator of the
degree of photochemical processing. As seen in Fig. S4, the
relative standard deviations of o-xylene/ethylbenzene ratios
in 2010 were 30% larger than those in 2011. It indicated that
the range of photochemical processing degrees was larger in
2010. As a result, the PMF factors in 2010 were extracted
mainly according to different degrees of photochemical pro-
cessing, whereas the PMF factors in 2011 could be extracted
mainly based on individual sources.
In winter, 341 samples were used for the PMF analysis,
and ﬁve factors were identiﬁed (Fig. 4).
Factor 1 and factor 3 contributed to most of our measured
alkanes and alkenes, but there were some differences be-
tween these two factors. Factor 1 had higher contributions to
C2–C3 NMHCs, while factor 3 had higher contributions to
C4–C5 NMHCs. These light hydrocarbons were mainly gen-
erated by incomplete combustion processes, such as vehicle
exhaustandcoalburning(Liuetal.,2008;Wangetal.,2013).
The measured source proﬁles in China showed that C2–C3
NMHCs contributed more than half of NMHCs that emit-
ted from coal burning (Liu et al., 2008; Wang et al., 2013).
Benzene and toluene also made important contributions to
factor 1. These two species were also found to be important
www.atmos-chem-phys.net/14/3047/2014/ Atmos. Chem. Phys., 14, 3047–3062, 20143054 W. T. Chen et al.: Understanding primary and secondary sources of ambient carbonyl compounds
Fig. 4. Proﬁles of the ﬁve factors resolved by the PMF model and the distributions of species among these factors in winter.
components in NMHCs emissions from coal burning (Liu et
al., 2008). The ratio of benzene to toluene (2.31ppbppb−1)
in this factor fell between the ratios measured by Liu et
al. (2008) for residential coal burning (1.81ppbppb−1) and
industrial coal burning (2.62ppbppb−1), but much higher
thanthatmeasuredinthetunnelexperiment(0.70ppbppb−1)
(Liu et al., 2008); therefore, factor 1 was identiﬁed as coal
burning. C4–C5 NMHCs were important species from trafﬁc
related emissions, and factor 3 showed similar characteris-
tic with factor 1 in summer. In addition, factor 3 explained
37.9% of the measured MTBE. Therefore, factor 3 was at-
tributed to trafﬁc related emissions.
Factor 2 had high contributions to aromatics, and showed
similar characteristic with the resolved factor 2 for sum-
mertime measurements. Besides aromatics, this factor con-
tributed about 30% of measured long-chain alkanes (C7–
C10 alkanes). The long-chain alkanes were also consid-
ered to be important components of printing VOC emissions
(Yuan et al., 2010). Thus, this factor was identiﬁed as indus-
try and solvent usage.
Both factor 4 and factor 5 had important contributions
to carbonyls but little contribution to reactive NMHCs, and
therefore these two factors were inferred to possibly not rep-
resent fresh emissions. The major NMHC species in factor 4
were C2-C5 alkanes, ethene, ethyne, benzene, and toluene.
These species could be emitted from all of the three primary
factors discussed above, and thus we considered this factor to
be aged emissions from these anthropogenic sources. The
NMHCs in factor 5 were dominated by unreactive alkanes,
such as ethane and propane, so factor 5 was at a more aged
stage than factor 4. Factor 5 accounted for 67.7% of the mea-
sured2-BuONO2 levelsand19.7%ofthemeasuredcarbonyl
levels. According to the abundances of alkyl nitrates and un-
reactive alkanes, we considered that the loadings of VOC
species in this factor were related to secondary production
and background levels.
Similarly with summertime measurements, the relation-
ships between the contribution of one factor to each NMHC
species and kOH values for each NMHC species were ana-
lyzed. As shown in Fig. 5, no signiﬁcant correlation was ob-
served for factor 1 and factor 2, while a positive correlation
was found for factor 3, and thus these three factors were con-
sidered to be fresh emissions. Signiﬁcant negative correla-
tions were identiﬁed for factor 4 and factor 5, indicating that
these two factors were inﬂuenced by photochemical aging.
3.3 Exploring the aged and fresh emission factors
In the last section, we distinguished photochemically aged
factors from fresh factors. To better understand the relation-
ships between aged and fresh factors and the role of photo-
chemical aging in PMF analysis, we explored the relation-
ships between VOC consumption and carbonyl formation in
the aged factors.
For two factors representing different photochemical
stages of the same emissions, the ratios of NMHC abun-
dances in these two factors should follow the equation below
(Yuan et al., 2012):
[NMHC]aged
[NMHC]fresh
= D ×e−kOH,NMHC[OH]1t (4)
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Fig. 5. Relationships between the factor contributions to each NMHC species and kOH values of NMHC species in winter. Each circle
represents one compound. Carbonyls are shown as solid triangles in the graph, but they were not used for correlation analysis due to their
secondary production. ∗∗indicates a signiﬁcant correlation at a conﬁdence level of 0.01.
where [NMHC]aged and [NMHC]fresh (ppb) refer to the abun-
dancesofNMHC species intheaged and freshfactor,respec-
tively. D is a scaling factor, which normalizes the NMHC
abundances to unity. kOH,NMHC is the OH rate constant for
the NMHC. [OH] is the average concentration of OH rad-
ical, and 1t is the difference of reaction time between the
aged and fresh factors. In this study, the OH exposure (i.e.,
the time integrate of [OH]), expressed by [OH]1t, is calcu-
lated as a whole.
As discussed in Sect. 3.2, for wintertime measurements,
the [NMHC]aged refers to the abundances of NMHC in fac-
tor 4, while the [NMHC]fresh refers to the sum of the abun-
dances of NMHC in factors 1–3. For summertime measure-
ments, the [NMHC]aged refers to the abundances of NMHC
in factor 3, while the [NMHC]fresh refers to the sum of the
abundances of NMHC in factors 1 and 2. Figure 6 showed
the dependence of [NMHC]aged /[NMHC]fresh (circles in the
ﬁgure) on kOH values, with the lines being the ﬁtted results
from Eq. (4). The values of D and [OH]1t were estimated to
be 0.43 and 2.99×1010 moleculecm−3 s in winter, and 1.26
and 1.05×1011 moleculecm−3 s in summer, respectively.
Referring to the calculated OH radical concentrations in the
summer in Beijing (Z. Liu et al., 2012) and the differences
of measured OH concentrations in Tokyo between summer
and winter (Kanaya et al., 2007), we assumed that the aver-
age daytime concentration of OH in Beijing was 1.5×106
and 6×106 moleculecm−3 in winter and summer; thus, the
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Fig. 6. Relationships between the ratios of VOCs abundances in
the aged emissions factors with those in fresh emission factors and
kOH values for each VOC species. Each data point represents one
compound. The lines are the ﬁtted results from Eq. (4).
photochemical ages of the aged factor in winter and summer
were estimated to be 5.5 and 4.9h, respectively.
The [carbonyl]aged /[carbonyl]fresh ratios (Fig. 6, solid
triangles) were signiﬁcantly higher than the ratios of
[NMHC]aged /[NMHC]fresh because secondary production
enhanced the abundances of carbonyls in aged factors. As
shown in Eq. (5), the abundances of carbonyls in aged fac-
tors can be separated into two parts. The ﬁrst part stands
for aged primary emissions and the second part stands for
secondary formation calculated based on the consumption of
other VOCs:

carbonyl

aged = D ×

carbonyl

fresh ×e−kOH,carbonyl×[OH]1t (5)
+D ×
X
[VOC]fresh ×

1−e−kOH,VOC×[OH]1t

×YVOC,carbonyl,

where kOH,carbonyl is the OH rate constant for the carbonyl.
YVOC,carbonyl (ppb/ppb) refers to the carbonyl production
yield from the oxidation of particular VOC, which can
be estimated using the Leeds master chemical mechanism
(MCM v3.2 http://mcm.leeds.ac.uk/MCM/). The estimation
of YVOC,carbonyl is based on the following assumptions: the
removal of VOC is governed by the reaction with OH radi-
cals and the removal of alkyl peroxyl radicals (RO2) is gov-
erned by the reaction with NO. The YVOC,carbonyl values used
in this study are listed in Table 2. The VOC species that make
no contributions to the production of our focused carbonyls
were not shown in this study. The values of D and [OH]1t
were ﬁtted from Eq. (4).
The carbonyl abundances in aged factors were calculated
by Eq. (5) and agreed well with the PMF-resolved abun-
dances (Fig. 7). In winter, all data points were distributed
near the 1 : 1 line. In summer, though the data points showed
some variability, but still agreed within a factor of two. The
agreement between the calculated and PMF-resolved car-
bonyl abundances indicated that our understanding on the
photochemical aging of PMF factors was acceptable. The
differences between the calculated and PMF-resolved car-
bonyl abundances may be due to one or some of the fol-
lowing reasons: (1) the PMF analysis and YVOC,carbonyl es-
timations have their own uncertainties. (2) Only reactions of
VOCs with OH radicals are considered in our analysis. (3)
Further reactions of secondary carbonyls are not considered
in our analysis. (4) Some VOC species are not applied in our
PMFanalysis,buttheymight beprecursorsofcarbonyls.The
PMF-analyzed VOC species accounted for 90% and 87% of
total concentrations of all measured VOCs species in winter
and summer, respectively. However, the contribution of each
VOC to the formation of carbonyls was not only dependent
on its concentration but also its ability to produce carbonyls.
In this work, we identiﬁed the PMF factors in summer
and winter as several individual fresh emissions and sev-
eral mixed aged emissions with different degrees of photo-
chemical processing. Beijing was a large city with extensive
and continuous local emissions, and therefore our measured
air mass was in fact a mixture of fresh and aged plumes.
The fresh emissions were separated by the PMF model ac-
cording to the correlations among VOC species and the dif-
ferent emission characteristics of these sources. However,
the resolved factors by the PMF model cannot represent the
emissions at different aged stages from individual sources.
As discussed in this section, the respective photochemical
ages of the aged factors in winter and summer were respec-
tively about 5.5 and 4.9h, and the factor representing sec-
ondary production and background levels in winter should be
more aged. We conjectured that VOCs from different sources
have been well mixed during such long aging process, and it
was hard to identify the aged contributions from individual
sources. Likewise, previous studies also used averaged emis-
sion ratios to characterize the emission and aging process of
urban VOC emissions (de Gouw et al., 2005; Warneke et al.,
2007; Yuan et al., 2012; Borbon et al., 2013). In this sec-
tion, we proved the reasonability of the PMF-derived aged
factors. However, one problem remained when apportioning
reactive VOCs using the PMF model. Actually, the photo-
chemical reaction of VOCs in the atmosphere is a continuous
process, but the PMF model is not able to describe such kind
of process. In this work, several different aged stages were
recognized by the PMF model and the PMF model used the
linear combination of these stages to describe the continuous
photochemical process. This might be an important issue for
the PMF analysis, and the inﬂuence of such approximation
required future researches.
3.4 Primary and secondary sources of carbonyls
The calculated relative contributions of carbonyl sources ap-
portioned by the PMF model in Beijing were shown in Fig. 8.
Previous studies usually attributed all carbonyls in aged fac-
tors as secondary formation. As discussed in Sect. 3.3, the
abundances of carbonyls in aged factors could be separated
into two parts, that is, the aged direct emissions and the
production from VOC consumption, and the former part
should be treated as primary emissions. In this study, the
aged direct emission part was further separated into each
fresh factor considering their relative contributions. For all
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Table 2. Production yields of carbonyls from VOCs (unit: ppb/ppb) http://mcm.leeds.ac.uk/MCM/.
NMHC Formaldehyde Acetaldehyde Acetone Propanal Butanal
Ethane 0 0.991 0 0 0
Propane 0 0 0.705 0.259 0
i-Butane 0.773 0 0.774 0 0
n-Butane 0 0.581 0 0 0.024
i-Pentane 0 0.606 0.611 0 0
n-Pentane 0 0.114 0 0.116 0
2,2-dimethylbutane 0.282 0.289 0.282 0 0
2,3-dimethylbutane 0 0 1.638 0 0
2-methylpentane 0 0.035 0.195 0.192 0
3-methylpentane 0 0.491 0 0 0
Ethene 1.6 0 0 0 0
Propene 0.979 0.979 0 0 0
trans-2-Butene 0 1.918 0 0 0
1-Butene 0.961 0 0 0.961 0
i-Butene 0.988 0 0.988 0 0
cis-2-Butene 0 1.918 0 0 0
1,3-Butadiene 0.73 0 0 0 0
1-Pentene 0.941 0 0 0 0.941
cis-2-Pentene 0 0.936 0 0.936 0
trans-2-Pentene 0 0.936 0 0.936 0
Isoprene 0.709 0 0 0 0
Styrene 1 0 0 0 0
Acetaldehyde 0.999 0 0 0 0
Acetone 1.998 0 0 0 0
Propanal 0 0.991 0 0 0
MEK 1.390 0.540 0 0 0
n-Butanal 0.013 0.013 0 0.832 0
MACR 0.978 0 0 0 0
MVK 0.994 0 0 0 0
n-Pentanal 0 0 0 0 0.154
Fig. 7. Comparison of carbonyl abundances calculated based on VOCs consumptions with PMF-resolved abundances in aged factor. The
grey shaded area shows an agreement within a factor of two.
the measured carbonyls, secondary formation was the major
sourceinbothwinterandsummer,withrelativecontributions
of 51.2% and 46.0%, respectively. In winter, the three pri-
mary emission sources, that is, coal burning, industry and
solvent usage, and trafﬁc related emissions, had similar con-
tributions to ambient carbonyl levels (15.3–16.9%). In sum-
mer, 17.0% and 26.6% of carbonyls were attributed to in-
dustry and solvent usage, and trafﬁc related emissions, re-
spectively. In addition, 10.4% of carbonyls in summer were
considered to be from biogenic emissions or their oxidation.
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Fig. 8. The relative contributions of carbonyl sources in Beijing de-
rived by the PMF model during winter and summer.
Therelativecontributionsofcarbonylsfromprimaryemis-
sions and from secondary formation did not change much
between winter and summer, which agreed with the diurnal
variation characteristics of carbonyl/NMHC ratios as dis-
cussed in Sect. 3.1. However, such results differed from those
of Possanzini et al. (2002) and Bakeas et al. (2003) who
found great differences between carbonyl sources in winter
and summer. Hence, we used the carbonyl production rate
(Fp) to compare carbonyl formation between these two sea-
sons. The Fp can be calculated using Eq. (6) (Lin et al.,
2012).
Fp =
X
([VOC]i ×kOH,VOC ×[OH]×YVOC,carbonyl) (6)
where YVOC,carbonyl is the carbonyl formation yield of VOC
(Table 2). [OH] and [VOC]i are concentrations of OH radi-
cals and each VOC species, respectively. The values of [OH]
in winter and summer were assumed to be 1.5×106 and
6×106 moleculecm−3, as discussed in Sect. 3.3. The cal-
culated Fp was 2.3 and 3.6ppbh−1 for formaldehyde, 0.9
and 1.3ppbh−1 for acetaldehyde, 0.3 and 0.4ppbh−1 for
acetone in winter and summer, respectively. Though the OH
concentrations in summer were much higher than the val-
ues in winter, concentrations of NMHCs, especially alkenes,
were much higher in winter. As a result, Fp in summer was
only 31–53% higher than that in winter. For primary emis-
sions, though the levels of NMHCs were higher in winter,
the emission ratios of carbonyl to ethyne in summer derived
from the PMF analysis were 2–5 times higher than those in
winter. Therefore, the contributions from primary emissions
appeared to be similar between winter and summer.
Though primary and secondary sources had similar rela-
tive contributions to ambient carbonyls in winter and sum-
mer, there were obvious differences for primary sources be-
tween these two seasons. Coal burning was an important pri-
mary source for carbonyls in winter. However, it was not
identiﬁed in summer. In Beijing, coal was widely used for
heating in winter, while it was greatly reduced in summer.
The emission strengths of biogenic VOCs favored the higher
ambient temperature and light intensity in summer (Guen-
ther et al., 2012), and thus the biogenic-related factor was
only identiﬁed for summertime measurements.
Formaldehyde is one of the most abundant and important
carbonyls in the atmosphere. Table 3 listed the source contri-
butions of formaldehyde obtained in this study and compared
with the results from previous studies in Beijing and other
regions. The contributions of primary anthropogenic sources
to formaldehyde were similar in the two seasons, with the
values of 28.9% in winter and 32.3% in summer. Biogenic
sources contributed 11.8% of the measured formaldehyde in
summer, but their contributions were not identiﬁed in win-
ter. The contribution of primary anthropogenic sources to
formaldehyde obtained in this study was a bit higher than
that reported by Yuan et al. (2012), whereas the contribu-
tion of biogenic sources was much lower than that reported
by Yuan et al. (2012). Based on our PMF results in sum-
mer, the biogenic factor (i.e., factor 4) contributed less than
30% of the measured MVK and MACR (products of iso-
prene oxidation), and therefore this factor represented rela-
tively fresh emissions from biogenic sources. However, the
contribution calculated by Yuan et al. (2012) was for both
primary and secondary biogenic sources, and thus the pre-
sented value was much higher. Li et al. (2010) calculated
that 76% of formaldehyde was emitted from primary an-
thropogenic sources, which was much higher than the values
from other studies. There were two possible reasons: (1) only
2-days of data were analyzed in the study by Li et al. (2010)
and they might not represent the actual source characteris-
tics of formaldehyde in Beijing; and (2) the concentration of
ozone, the secondary marker used in the study, might be in-
ﬂuenced by the titration of NO. New York City and Mexico
City were two mega cities with large populations and large
amounts of vehicles, which were similar to the situation of
Beijing. The contribution of primary anthropogenic sources
in Beijing was similar to that for New York City (Lin et al.,
2012) and a bit lower than that for Mexico City (Garcia et al.,
2006).
The contributions of primary anthropogenic sources to the
levels of other carbonyls were shown in Table 4. Primary an-
thropogenic sources had higher contribution in winter, due
to less secondary production and lower biogenic emissions.
The contributions from anthropogenic emissions were more
important for ketones than those for aldehydes, with the val-
ues larger than 50% in both winter and summer. Compared
with previous studies in Beijing, the contribution from an-
thropogenic emissions for acetaldehyde in 2011 was similar
to the result of 2010 (Yuan et al., 2012), but much higher
than 2005 (Liu et al., 2009). This indicated a possible change
in acetaldehyde sources between 2005 and 2011. Though
the concentrations of acetaldehyde decreased from 3.6ppb
in 2005 (Shao et al., 2009) to 2.3ppb in 2011, the contri-
bution of anthropogenic emissions increased from 0.6ppb
to 1.0ppb from 2005 to 2011. As the speciﬁc sources of
primary acetaldehyde were not distinguished in 2005, the
reasons for such change were unclear. Further research on
temporal trends of acetaldehyde levels and sources were
needed in the future. For acetone, propanal, and butanal,
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Table 3. Comparison of source apportionment results of ambient formaldehyde obtained in this study with previous studies.
City, season Primary anthropogenic Biogenic Secondary Background
Beijing, wintera 28.9 – 71.1
Beijing, summera 32.3 11.8 55.9
Beijing, summerb 22 36 28 15
Beijing, summerc 76 – 18 5
New York City, summerd 30 – 70
Mexico City, springe 42 – >38 <21
Values are presented as percentages (%) of formaldehyde concentration.
aThis study,
b(Yuan et al., 2012),
c(Li et al., 2010),
d(Lin et al., 2012),
e(Garcia et al., 2006).
Table 4. Percentages of carbonyl concentrations from primary anthropogenic sources in this study and previous studies in Beijing.
Carbonyl 2011–2012 2011 2005 2010
Wintera Summera Summerb Summerc
Acetaldehyde 53.7 41.6 16 46
Acetone 68.1 56.2 40 38
Propanal 33.9 15.8 14 3
MEK 71.0 62.2 47 80
Butanal 49.0 15.5 8 1
Values are presented as percentages (%) of carbonyl concentration from primary
anthropogenic sources.
aThis study,
b(Liu et al., 2009),
c(Yuan et al., 2012).
our results calculated a bit higher contributions from anthro-
pogenic emissions than that of previous studies.
4 Summary
In this study, online VOC measurements were conducted at
theurbansiteofBeijingduringwinterandsummer.ThePMF
receptor model was used as a technique for source apportion-
ment of VOCs. In winter, ﬁve factors were identiﬁed, namely
coal burning, industry and solvent usage, trafﬁc related emis-
sions, aged emissions, and secondary formation plus back-
ground levels. In summer, four factors were identiﬁed, which
were trafﬁc related emissions, industry and solvent usage,
aged emissions, and biogenic emissions.
Relationships between the factor contributions to each
NMHC species and kOH values for each NMHC species
were analyzed to distinguish photochemically aged emis-
sions from fresh emissions. In both winter and summer, a
factor accounted for aged emissions was identiﬁed. The aged
factor corresponded to the photochemical stages of mixed
fresh emissions, and the relationship between the aged and
fresh factors was investigated. The results indicated that the
formation of carbonyls in the aged factor could be explained
by the consumption of VOCs and their carbonyl production
yields. In winter, besides the factor for aged emissions, an-
other factor was attributed to secondary formation and back-
ground level. This result demonstrated that the PMF analy-
sis could be inﬂuenced by the photochemical processing of
fresh emissions. Secondary carbonyls might be resolved to
more than one factor according to the different degrees of
photochemical processing. When using the PMF model for
carbonyl source apportionment, the scientiﬁc understanding
of each factor should be considered with care.
Both PMF results and diurnal variations of car-
bonyl/NMHC ratios indicated that relative contributions
from primary and secondary sources in Beijing did not
change much between winter and summer. Such a result
was proved by calculating carbonyl production rates, which
showed that carbonyl production rates in summer were only
31–53% higher than the rates in winter due to higher VOCs
concentrations in winter. Secondary formation was the ma-
jor source of carbonyls in Beijing, with the relative contri-
butions of 51.2% and 46.0% in winter and summer, respec-
tively. Trafﬁc related emissions, industry and solvent usage
were the main sources of primary anthropogenic carbonyls
in Beijing. Coal burning was found to be an important an-
thropogenic source of carbonyls in winter associated with
the heating activities. During summertime, biogenic sources
contributed 10.4% of carbonyl levels. For the three major
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carbonyl species – formaldehyde, acetaldehyde, and ace-
tone – the contribution of primary anthropogenic sources
was 28.9% and 32.3%, 53.7% and 41.6%, and 68.1% and
56.2% in winter and summer, respectively. These results, de-
rived from source apportionment, could be used to check the
source inventories of carbonyls which were in the process of
being updated in follow-up studies.
Supplementary material related to this article is
available online at http://www.atmos-chem-phys.net/14/
3047/2014/acp-14-3047-2014-supplement.pdf.
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